Partial sequences from two genomic regions of simian enteroviruses were analysed and their relatedness to other picornaviruses was compared. Of the 18 simian viruses included in the analysis, sequences were obtained from eleven strains for at least one genomic region. In the 5h non-coding region, SV6, SV19, SV26, SV35, SV43 and SV46 (simian viruses) and BA13 (baboon virus) clearly grouped together with human enteroviruses, whereas SV4, SV28 and SA4 (South African isolate) were more distantly related. In the 3D RNA polymerasecoding region, SV26, SV35, SV43 and SV46 could be clearly identified as enteroviruses and fell into the previously defined cluster A, which contains such human viruses as coxsackievirus A16 and enterovirus 71. However, although SV6 and BA13 were also enterovirus-like, they did not belong to any known genetic cluster of human enteroviruses. Moreover, while SV18 could be recognized as a picornavirus, it did not directly group with members of the genus Enterovirus.
Picornaviruses are notable pathogens of man and some domestic animals. The genus Enterovirus includes the human pathogens polio-, coxsackie-and echoviruses and enteroviruses 68-71, together with a number of viruses which have been isolated from other animal species. Although our understanding about the molecular characteristics of human enteroviruses has rapidly increased during the past few decades, little is known about other members of the genus. This information would be important in order to understand evolutionary mechanisms and host tropism of enteroviruses, and RNA viruses in general. Moreover, the data would cast new light on the potential emergence of new enteroviruses.
The extensive use of monkey kidney cell cultures for production of poliovirus vaccines and the use of live monkeys to test for the safety of the vaccine preparations has led to the discovery of several previously unrecognized viral pathogens.
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Fax j358 9 1912 6491. e-mail Timo. Hyypia!helsinki.fi These include agents which share characteristics with human enteroviruses (Hull et al., 1956) . While the first simian enteroviruses were found as contaminants of cell cultures, isolation of related viruses from rectal swabs of symptom-less animals (Heberling & Cheever, 1965) and from monkeys with different signs of disease has also been described (Kaufmann et al., 1973) . At least 18 serologically distinct enterovirus types are currently known. Although previous studies have analysed growth properties as well as certain physico-chemical and biological characteristics, little is known about the relationships that simian enteroviruses have with each other, or with picornaviruses of other species. To shed some light on these relationships, we carried out a molecular comparison of partial sequences obtained from the available simian enterovirus strains.
The viruses studied (Table 1) were obtained from the ATCC. Two primer pairs, 25\210 (5h TTAAAACAGCC-TGTGGGTTGTTCCC 3h\5h CACCGGATGGCCAATCC 3h) and 3Dk\3Dj (5h WGSRTTCTTKGTCCATC 3h\5h TTGA-YTACWCWGGNTATGATGC 3h), which are known to be targeted to highly constant regions in the enterovirus genome, were used to amplify sequences from the 5h non-coding region (NCR) (nt 1-450 in the poliovirus 3 Sabin genome) and the 3D RNA polymerase-encoding region (nt 6671-7198). RNA was extracted directly from 100 µl original virus stock by treatment with proteinase K (Boehringer Mannheim) at a final concentration of 100 µg\ml for 1 h at 55 mC, phenol extraction and ethanol precipitation. The RNA pellet was dried and resuspended in 20 µl RNase-free water containing 40 U RNasin (Promega) ribonuclease inhibitor. This suspension (2 µl) was used for cDNA synthesis with 50 pmol primer, either oligo-(dT)
"& (Promega) or a primer that was dependent on the genomic region to be amplified. The reaction mixture (20 µl) contained 50 mM Tris-HCl, pH 8n3, 70 mM KCl, 10 mM MgCl # , 0n5 mM dNTPs, 20 U ribonuclease inhibitor and 20 U AMV reverse transcriptase (Life Sciences). The mixture was incubated for 1 h at 42 mC and for an additional 10 min at 65 mC to inactivate the enzyme. The cDNA reaction mixture (1 µl) was used for PCR.
For PCR, 100 pmol primers 3Dj and 3Dk or 50 pmol primers 25 and 210 were used. The 50 µl reaction mixture contained 200 µM each dNTP, 0n01 % gelatin, 0n1 % Triton X-100, 50 mM KCl, 1n5 mM MgCl # , 50 mM Tris-HCl, pH 8n8 
Macaca mulatta
Rectal swab k k * Taken from the ATCC catalogue and Kalter (1982) . † Successful amplification and sequencing of the 5h NCR and 3D polymerase regions is indicated by j ; k, not amplified.
and 2 U Taq polymerase (Promega). The temperatures and times for denaturation, annealing and elongation were 95 mC for 1 min, 50 mC for 1 min and 72 mC for 1 min through 40 cycles for the primer pair 25\210. For the primer pair 3Dj\3Dk, the annealing temperature during the first five cycles was 40 mC. PCR products were analysed in 1 % agarose gels and DNA bands corresponding in size to the expected amplicons were excised. They were eluted with the QIAEX gel extraction kit (Qiagen). Amplicons were cloned using the pGEM-T Vector System (Promega) according to the manufacturer's instructions. Dideoxy nucleotide chain-termination sequencing was performed using the Sequenase version 2.0 kit (United States Biochemical). T7 and SP6 promoter primers (Promega) and primers 891 (5h CTCAATAGGCTCTTCACACC 3h) and 897 (5h CCGCATTCAGGGGCCG 3h) were used for sequencing.
For each simian virus, two to five cDNA clones were sequenced in order to exclude errors generated by the RT-PCR reactions. The nucleotide alignments used in the phylogenetic analyses were created with the program PILEUP from the Genetics Computer Group software (GCG ; Devereux et al., 1984) and a dendrogram was generated to visualize the overall relationships of the strains. For the 3D region, the sequences were first aligned at the amino acid level and the nucleotide alignments were then manually adjusted to this alignment ; insertions and deletions were arranged in groups of three nucleotides, preserving the reading frame. Contiguous deletions were counted as single events. The programs DNAML, which uses the maximum-likelihood method, and DNAPARS (maximum-parsimony method) from the PHYLIP software package (version 3.4 ; Felsenstein, 1988) were used to generate phylogenetic trees. The statistical significance of a particular tree topology generated by the maximum-parsimony method was evaluated by bootstrap resampling (Felsenstein, 1985) of the data 500 times by the program SEQBOOT. Bootstrap scores are given as percentages of the number of times the group occurred in the resampled datasets. The maximumlikelihood method (DNAML) was used with randomized input order and global rearrangements. This method accounts for multiple changes at a single position and can estimate both branch lengths and tree topology. Sequence comparison with the human enteroviruses was based on the available data as summarized previously (Po$ yry et al., 1996 ; Hyypia$ et al., 1997) .
Of the 18 strains included in the analysis, an RT-PCR product was obtained from eleven strains for at least one genomic region. Six strains gave rise to amplicons from both regions, four strains produced amplicons only in the 5h NCR and one strain produced an amplicon only in the 3D (Table 1) . Sequences from the 5h NCR (approximately 450 nt in length, corresponding to nt 26-450 in the poliovirus 3 genome ; Toyoda et al., 1984) were obtained from BA13, SA4, SV4, SV6, SV19, SV26, SV28, SV35, SV43 and SV46 strains (Table 1) . Although human enteroviruses can be divided into two genetic GDG Fig. 1 . Dendrograms showing relationships between the sequenced simian enteroviruses (indicated by an asterisk) and selected representatives of entero-and rhinoviruses of other species in the 5h NCR of the genome. A region approximately 450 nt in length was used in the analysis with the PILEUP program in the GCG software package (Devereux et al., 1984) . The following abbreviations were used : BEV, bovine enterovirus ; CAV, coxsackie A virus ; CBV, coxsackie B virus ; EV, echovirus ; entero, new enterovirus ; HRV, human rhinovirus ; PV, poliovirus ; and SVDV, swine vesicular disease virus. Previously reported enterovirus 5h NCR groups I and II are indicated.
clusters based on comparison of sequences in the 5h NCR (Rivera et al., 1988 ; Po$ yry et al., 1996) , they share a common secondary structure in this region. Similar secondary structure could also be predicted for nucleotide sequences obtained from the simian viruses. SV19, SV26, SV35, SV43 and SV46 clustered among the human enteroviruses (Fig. 1) and were more closely related to the representatives of cluster II, including members of coxsackie B viruses and echoviruses, than to cluster I, which contains polioviruses, some coxsackie A viruses and enterovirus 70 (Po$ yry et al., 1996) . SV26 and SV35 were very closely related (identity 96n5 %). BA13 and SV6 appeared to be only distantly related to the members of 5h NCR clusters I and II and were also different from each other. SA4, SV4 and SV28 resembled each other in the 5h NCR but were clearly distinct from other simian and human enteroviruses (Fig. 1) . Again, SV4 and SV28 were very closely related (identity 99 %) and the difference between these two isolates was at the same level as that seen between cDNA clones representing the same isolates.
A sequence of approximately 490 nt in length located in the 3D polymerase gene (nt 6695-7180 in the poliovirus 3 genome) was also used in the analysis. The maximumlikelihood (Fig. 2) and maximum-parsimony (not shown) methods gave the same tree topology. The four genetic clusters (A to D ; Po$ yry et al., 1994 ; Pulli et al., 1995 ; Hyypia$ et al., 1997) proposed for the human enteroviruses were clearly identified (Fig. 2) . Simian viruses SV26, SV35, SV43 and SV46 grouped together with the members of the A cluster, whereas the other sequenced simian viruses did not belong to any of the four human enterovirus clusters. However, SV6 and BA13 were clearly identified as enteroviruses in molecular terms but were genetically distinct from the others, while SV18 was more distantly related and may not belong to the genus Enterovirus.
It is highly probable that the 18 simian enteroviruses isolated so far represent only a fraction of the number and variety of simian enteroviruses found in nature. All but three T. Po$ yry and others T. Po$ yry and others viruses were isolated from one genus originating in Asia (Macaca sp. ; Table 1 ) that has been widely used in research laboratories. Only BA13, SA4 and SA5 strains were isolated from African species and none of the viruses originated from New World primates. Even from the limited data obtained in this study, it appears that simian enteroviruses are genetically at least as divergent as their human counterparts. In the 5h NCR, the simian enteroviruses studied segregated into four groups, while the human enteroviruses form only two genetic clusters. Four groups are also evident in the 3D region, although the strains analysed were different from those analysed in the 5h NCR.
The simian enteroviruses analysed in this study are clearly the closest known relatives of human enteroviruses and, in both the 5h NCR and the 3D polymerase regions, several isolates are distributed among the human enteroviruses. In the 3D polymerase region, SV26, SV35, SV43 and SV46 are members of enterovirus cluster A, which includes several coxsackie A viruses and enterovirus 71 (Pulli et al., 1995) . In the 5h NCR, these viruses do not group tightly with either human enterovirus cluster, but form a distinct group related to the human enterovirus cluster II. This is consistent with the human enterovirus situation, in which all members of cluster A based on protein-coding regions are also members of 5h NCR cluster II. This may be related to host cell tropism, since the initiation of translation is known to involve several trans-acting cellular factors in all picornaviruses (Jackson et al., 1994 ; Belsham & Sonenberg, 1996) .
The degenerate primers used were likely to amplify close relatives of all human enteroviruses. However, we do not know if a negative RT-PCR result was due to incompatibility of the primers or insufficient amounts of viral RNA in the specimens. None of the viruses from the apparently distinct 5h NCR cluster (SA4, SV4, SV28) gave a positive 3D polymerase RT-PCR result, suggesting that they may also be relatively distinct in the 3D polymerase region. It is notable that none of the sequenced simian enteroviruses closely clustered with polioviruses or related human enteroviruses in the genomic regions analysed.
Pathogens known to be occasionally transmitted to humans from monkeys include herpesvirus B and monkeypox virus. It was recently reported that human immunodeficiency virus, which is closely related to simian retroviruses, may have been transmitted to humans approximately 50 years ago (Zhu et al., 1998) . In some of these infections, monkeys are considered to be the primary animal reservoir, while in some other infections they may just mediate the transfer of viruses that originate from other species to humans. To our knowledge, no documented cases of simian enterovirus infections in man have been reported. However, the occurrence of representatives of the simian viruses in the same molecular cluster with human enteroviruses suggests that such a transfer between the two species could take place. The current collection of simian enteroviruses available is probably very restricted. Further studies may reveal related viruses, which could cast new light on the evolutionary pathways of picornaviruses in general and also give a more precise picture of the occurrence of potentially emerging viruses in nature.
